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Recognition of Polyadenylate RNA
by the Poly(A)-Binding Protein
decorate poly(A) tails (approximately 1 protomer/27 nu-
cleotides), yielding a repetitive pattern of RNase cleav-
age/protection (Baer and Kornberg, 1980).
Rahul C. Deo,* Jeffrey B. Bonanno,*²
Nahum Sonenberg,³ and Stephen K. Burley*²§
*Laboratories of Molecular Biophysics
The 39 poly(A) tail and PABP are best understood in²Howard Hughes Medical Institute
the context of their joint impact on translation initiationThe Rockefeller University
(Munroe and Jacobson, 1990; Gallie, 1991; Tarun andNew York, New York 10021
Sachs, 1995). In the most general case, protein synthesis³Department of Biochemistry and
in eukaryotes requires stepwise assembly of a largeMcGill Cancer Center
multiprotein complex at the 59 end of mRNA. This intri-McGill University
cate process begins with recognition of the cap struc-Montreal, Quebec H3G 1Y6
ture [7-methyl-G(59)ppp(59)N, where N is any nucleotide]Canada
by eIF4F, a ternary complex consisting of the cap-bind-
ing protein (eIF4E) connected to an RNA helicase (eIF4A)
by a bridging protein (eIF4G). After eIF4A (plus an acces-
Summary sory factor eIF4B) unwinds mRNA secondary structural
features in the 59 untranslated region (UTR), eIF4G di-
The cocrystal structure of human poly(A)-binding pro- rects the 40S ribosomal subunit (plus methionyl initiator
tein (PABP) has been determined at 2.6 AÊ resolution. tRNA and various accessory factors) to the appropriate
PABP recognizes the 39 mRNA poly(A) tail and plays initiation codon. Subsequent joining of the 60S ribo-
critical roles in eukaryotic translation initiation and somal subunit creates the 80S ribosome initiation com-
mRNA stabilization/degradation. The minimal PABP plex (reviewed in Sonenberg, 1996; Sachs et al., 1997).
used in this study consists of the N-terminal two RRM- Translation initiation is stimulated by the poly(A) tail/
type RNA-binding domains connected by a short PABP complex through interactions between PABP and
linker (RRM1/2). These two RRMs form a continuous eIF4G (reviewed in Gingras et al., 1999), giving rise to a
RNA-binding trough, lined by an antiparallel b sheet ªclosed loopº model for translation initiation (Jacobson,
backed by four a helices. The polyadenylate RNA 1996). mRNA circularization has been demonstrated in
adopts an extended conformation running the length vitro using recombinant yeast proteins (Wells et al.,
1998) and is thought to increase the efficiency of transla-of the molecular trough. Adenine recognition is pri-
tion by promoting reinitiation of terminating ribosomesmarily mediated by contacts with conserved residues
on the same mRNA. Presumably, capped, polyadenyl-found in the RNP motifs of the two RRMs. The convex
ated mRNAs would be translated more efficiently thandorsum of RRM1/2 displays a phylogenetically con-
those lacking one or both terminal modifications. Theserved hydrophobic/acidic portion, which may inter-
effect of the poly(A) tail on translation initiation has beenact with translation initiation factors and regulatory
likened to roles played by distal enhancer elements inproteins.
transcription by RNA polymerase II (Jacobson, 1996).
In higher eukaryotes, PABP also appears to stimulate
Introduction translation initiation indirectly with the aid of a PABP
interacting protein (PAIP-1), which resembles eIF4G
Following synthesis by RNA polymerase II, eukaryotic (Craig et al., 1998). PAIP-1 interacts with eIF4A, and
pre±messenger RNAs undergo a number of functionally overexpression of PAIP-1 increases the rate of transla-
significant chemical modifications, including addition of tion initiation (Craig et al., 1998), suggesting that there
a 59 7-methyl-G cap and a 39 poly(A) tail. Polyadenylation are at least two ways to ªclose the loopº between the
involves recognition of a 59-AAUAAA-39 consensus se- 59 and 39 ends of mRNAs. Additional support for the
quence, followed by an endonucleolytic cleavage event significance of the ªclosed loopº model in higher eukary-
and poly(A) polymerase-directed addition of a substan- otes comes from studies of rotaviral RNA translation
tial number of adenine nucleotides (typically 60 to 80 in (Piron et al., 1998). These gastrointestinal pathogens
yeast, and up to 250 in mammals) to the 39 end of the shut off host protein synthesis using NSP3, a viral pro-
mRNA (reviewed in Wahle and Keller, 1996). Since its tein that binds to eIF4G and blocks interactions between
initial discovery and functional characterization, the eIF4G and PABP, ªbreakingº the mRNA circle. In con-
poly(A) tail has emerged as an important contributor to trast, translation of the capped viral mRNA is unaffected,
both translation initiation and mRNA stabilization/degra- because NSP3 ªcloses the loopº by binding to a con-
dation (reviewed in Sachs and Wahle, 1993). The poly(A) served 59-UGACC-39 motif found in their 39 UTRs.
tail is found in a specific nucleoprotein complex with a All published PABP sequences include four highly
71 kDa poly(A)-binding protein (PABP), which was first conserved RNA-binding domains (Adam et al., 1986),
known as RNA recognition motifs (RRMs), arranged inisolated by Blobel (1973) and later purified to homogene-
tandem (Figure 1), followed by a less well conserved,ity by Baer and Kornberg (1983). Multiple copies of PABP
proline-rich C-terminal portion of variable length. The
RRM family encompasses more than 200 proteins of
bacterial, fungal, plant, and animal origin, suggesting§ To whom correspondence should be addressed (e-mail: burley@
rockvax.rockefeller.edu). that the RRM is an ancient and important structural motif
Cell
836
Figure 1. PABP Domain Organization
Secondary structural elements were assigned on the basis of the X-ray structure. The RNP motifs are enclosed in boxes. Color coding scheme:
lavender, homologous residues; red, side chain±RNA contacts; orange, main chain±RNA contacts. Underlined residues make main chain and/
or side chain contacts with the RNA backbone. Functional classifications: p, stacking interaction; 1, N1 hydrogen bond; 2, C2 van der Waals
contact; 6, N6 hydrogen bond; 7, N7 hydrogen bond.
(A) Sequence alignment of human (h), murine (m), Xenopus (x), Drosophila (d), and yeast (y) PABP RRM1s plus human PABP RRM3 and murine
PABII, with their respective sequence numbers.
(B) Sequence alignment of PABP RRM2s from the same organisms and human PABP RRM4.
(C) Structure-based sequence alignment of U1A, U2B99, RRM1 and RRM2 of Sex-lethal, and RRM1 and RRM2 of human PABP.
(D) Sequence alignment of PABP domain linkers from human, Xenopus, and yeast.
(E) Electrophoretic mobility shift assay showing retardation of radiolabeled A25 by human PABP RRM1/2. The last two lanes show the effects
of adding a 100-fold excess of unlabeled specific [poly(A)] and nonspecific [poly(C)] RNA competitors.
(reviewed in Burd and Dreyfuss, 1994). A typical RRM binds specifically to polyadenylate RNA with wild-type
affinity. (No single RRM can recognize the poly(A) tail.)consists of 90±100 amino acids with two conserved se-
quence motifs: octameric RNP1 [(Lys/Arg)-Gly-(Phe/ Second, RRM1/2 suffices for protein synthesis in vitro
(Kessler and Sachs, 1998), albeit at a somewhat reducedTyr)-(Gly/Ala)-Phe-Val-X-(Phe/Tyr), where X is any amino
acid] and hexameric RNP2 [(Leu/Ile)-(Phe/Tyr)-(Val/Ile)- rate (43%) when compared to full-length PABP. Finally,
RRM1/2 supports interactions with eIF4G (Imataka et(Gly/Lys)-(Asn/Gly)-(Leu/Met)]. X-ray and solution NMR
structural studies of RRMs have revealed compact glob- al., 1998; Kessler and Sachs, 1998) and PAIP-1 (R. C. D.
et al., unpublished results).ular domains, consisting of a four-stranded antiparallel
b sheet backed by two a helices with RNP1 and RNP2 In this paper, we present the X-ray structure of an
active, C-terminal truncation of human PABP (RRM1/2)corresponding to the central two b strands (reviewed in
Nagai, 1996). Numerous biochemical studies (Scherly et bound to polyadenylate RNA at 2.6 AÊ resolution. Our work
provides the structure of a multidomain RNA-bindingal., 1989; Jessen et al., 1991) and three recently deter-
mined structures of RRM-containing proteins bound to protein recognizing single-stranded RNA. The RRMs are
arranged in tandem creating a long, narrow RNA-bindingRNA (Oubridge et al., 1994; Price et al., 1998; Handa et
al., 1999) have documented that RNA binding is primarily trough. The two antiparallel b sheets serve as the base
of the trough, with interstrand loops and the domainsupported by the b sheet surfaces.
The modular organization of PABP suggests that the linker forming its walls. The polyadenylate RNA adopts
an extended conformation running the length of the mo-full complement of RRM1±RRM4 may not be essential,
and there is considerable evidence that the N-terminal lecular trough. Adenine recognition is primarily medi-
ated by van der Waals contacts, hydrogen bonds, andtwo RRMs (RRM1 and RRM2, RRM1/2) support most if
not all of the important biochemical functions of full- stacking interactions with conserved residues found in
the RNP motifs of the two RRMs. Sequence similaritieslength PABP. First, RNA binding studies using yeast
(Burd et al., 1991) and Xenopus (Nietfeld et al., 1990; Kuhn suggest that the remaining two RRMs of full-length
PABP support similar interactions with RNA. The convexand Pieler, 1996) PABPs demonstrated that RRM1/2
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dorsal surface of RRM1/2 displays a phylogenetically con-
served hydrophobic/acidic portion, which may interact
with translation initiation factors and regulatory proteins.
Results and Discussion
Recombinant Human RRM1/2 Recognizes
Poly(A) RNA
Human PABP (residues 1±190) was expressed in E. coli
and purified to homogeneity (Experimental Procedures).
This C-terminal truncation corresponds to the active
RRM1/2 portions of Xenopus (Kuhn and Pieler, 1996)
and yeast (Kessler and Sachs, 1998) PABPs described
above. An electrophoretic mobility shift assay (EMSA)
with a 25-nucleotide poly(A) RNA [A25] demonstrated
high-affinity, specific binding of human PABP RRM1/2
(Figure 1E). The doublet for the RRM1/2±A25 complex
formed with increasing addition of protein suggests that
A25 accommodates two copies of RRM1/2 (giving a total
of four RRMs). EMSA competition experiments with A9,
A10, A11, and A12 were performed to determine the minimal
RNA length required for high-affinity binding. A11 and A12
compete effectively with A25 for PABP, whereas A9 and
A10 are unable to do so (data not shown).
Crystallization and Structure Determination
A11 and human PABP RRM1/2 yielded high-quality
cocrystals, containing eight crystallographically inde-
pendent copies of a 1:1 protein:ligand complex in the
asymmetric unit (Experimental Procedures). Marginal ex-
perimental phases were obtained at low resolution using
two nonisomorphous heavy atom derivatives. These data
were combined with the structure of RRM1 of hnRNP A1
(Shamoo et al., 1997) in an exhaustive phased translation
search performed with every possible orientation of the
RRM (B. Strokopytov and S. C. Almo, unpublished data).
All 16 RRMs comprising the asymmetric unit were lo-
cated using this brute force approach, and the resulting
2|Fobs|2|Fcalc| difference Fourier synthesis revealed elec-
tron density for the linker between the two RRMs and
polyadenylate RNA. A complete structural model for all
eight copies of the RRM1/2±A11 complex was built with
the aid of noncrystallographic averaging. The current
refinement model has an R factor of 23.0% and a free R
value of 30.4% at 2.6 AÊ resolution (BruÈ nger, 1992a).
Structural Overview
Figure 2. Structure of the Human PABP RRM1/2±RNA Complex
The three-dimensional structure of the human PABP
(A) RIBBONS (Carson, 1991) stereo drawing showing the extended
RRM1/2±RNA complex is illustrated in Figure 2. The two RNA-binding surface created by approximation of RRM1 (red) and
RRMs are arranged in tandem, forming a long, narrow RRM2 (blue). Ade-1 to Ade-8, included as an atomic stick figure, is
molecular trough with dimensions 25 AÊ (width) 3 36 AÊ located in the RNA-binding trough. a helices are labeled H1 and
H2, and b strands are labeled S1±S4 (9 denotes RRM2). The N and(height) 3 47 AÊ (length). Each RRM contains four b
C termini of the protein and the 59 and 39 ends of the RNA arestrands and two a helices, and the secondary structural
labeled.arrangement for RRM1/2 is S1-H1-S2-S3-H2-S4-H3-
(B) Stereo drawing viewed parallel to the b sheets, showing the
S19-H19-S29-S39-H29-S49. The two structurally similar extended conformation of the RNA and its interactions with the
RRMs (root-mean-square deviation [rmsd] for a carbon domain linker (green) and the S2(29)-S3(39) loops.
pairs 5 1.0 AÊ ) are connected by a nine-residue domain (C) Stereo drawing showing the RNA-binding trough.
(D) Stereo drawing showing the dorsal surface of the protein, com-linker (residues 90±98), which includes a short a helix
prised of H1, H2, H19, and H29.(H3). The floor of the trough is formed by two adjacent
antiparallel b sheets with strands arranged in space in
the order S2-S3-S1-S4(RRM1)-S29-S39-S19-S49(RRM2). are formed by the S2-S3 loop of RRM1, the interdomain
linker, the S29-S39 loop of RRM2, and the C terminus ofStrands S3 (S39) and S1 (S19) correspond to RNP1 and
RNP2, respectively. The sides of the RNA-binding trough the truncated protein (part of the domain linker between
Cell
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Figure 3. Noncrystallographic Symmetry
(A) Protein RIBBONS/RNA stick figure representation of the octameric assembly comprising the asymmetric unit, viewed along the noncrystallo-
graphic four-fold axis. Each tandem RRM1/2 is uniquely colored and labeled A±H.
(B) View as in Figure 3A with the protein colored according to Figure 2.
RRM2 and RRM3). We believe that the domain linker Noncrystallographic Symmetry
between RRM1 and RRM2 is disordered in the absence The eight complexes comprising the crystallographic
of RNA, because it makes no intramolecular contacts asymmetric unit (A±H in Figures 3A) form a 422 symmet-
with either RRM1 or RRM2. ric arrangement, consisting of two tetramers (A±D and
The polyadenylate RNA adopts an extended confor- E±H) related to one another by two-fold rotations per-
mation in the molecular trough, giving an antiparallel pendicular to the common four-fold rotation axis. These
arrangement of RNA and protein (i.e., 59 half binds RRM2 eight protein±RNA complexes are very similar, effec-
and 39 half binds RRM1). Protein±RNA contacts involve tively ruling out substantial contributions from lattice
strands S1(19), S2(29), and S3(39) of both RRMs, the packing artifacts. Pairwise a carbon rmsds are 0.2±0.3 AÊ
S2(29)-S3(39) loop regions of the two RRMs, the domain for RRM1 and 0.3±0.6 AÊ for RRM2, and pairwise C19
linker, and the C terminus (Figure 2). Electron density rmsds are 0.1±0.2 AÊ for the polyadenylate RNA.
was observed for 8 of 11 possible nucleotides (Ade-1 The asymmetric unit exhibits a radial arrangement of
through Ade-8). RRM1 interacts with Ade-5 through protein±RNA complexes with all RRM1s (red) packed
Ade-8, RRM2 interacts with Ade-2 through Ade-5, and together in the center of the octamer and all RRM2s
the domain linker interacts with Ade-5 and Ade-6. No (blue) projecting outward (Figure 3B). This highly sym-
protein contacts are seen for Ade-1. Four nucleotides metric arrangement is held together by packing interac-
(Ade-1 and Ade-2, Ade-4 and Ade-5) form intrastrand tions of each complex with four neighboring complexes
base stacks, and two nucleotides (Ade-7 and Ade-8) (solvent-accessible surface areas buried include 1200 AÊ 2
participate in interstrand base stacking. for A±H, 900 AÊ 2 for A and B, and 320 AÊ 2 each for A±G
Packing interactions between RRM1 and RRM2 re-
and A±C), by interstrand base stacking of Ade-7 (see
sponsible for stabilizing the structure of the RNA-bind-
below), and by one or more free RNA strands that oc-ing trough are mediated by salt bridges, hydrogen
cupy the cavity in the middle of the octamer and makebonds, and van der Waals contacts (550 AÊ 2 of solvent-
base stacking interactions with Ade-8 of every complexaccessible surface area buried). These interactions oc-
(see below). We are uncertain whether this elaboratecur predominantly between H2 of RRM1 (Asp-70, Phe-
octameric structure is of any biological significance.74) and S29 of RRM2 (Leu-126, Lys-129), and between
S4 of RRM1 (Arg-83, Met-85) and H19 of RRM2 (Lys-
113, Tyr-116).
Polyadenylate RNA RecognitionOur structure reveals a continuous single-stranded
Our structure provides seven independent examples ofRNA recognition surface formed by two tandemly ar-
how riboadenine can be recognized by a protein. Humanranged b sheets. This finding differs markedly from pre-
PABP RRM1/2 binds poly(A) using a combination of vanviously determined structures of single RRMs bound to
der Waals contacts, hydrogen bonds, salt bridges, andstem±loop RNAs (Oubridge et al., 1994; Price et al., 1998)
stacking interactions (Figures 4, 5, and 6). Of the eightas well as the V-shaped RNA-binding cleft formed by
nucleotides with visible electron density, seven (Ade-2the two tandem RRMs of Sex-lethal (Handa et al., 1999).
through Ade-8) make contacts with the protein. Al-Our structure also provides seven different examples
though their crystal lattice environments are not theof protein±adenine contacts involved in recognition of
same, the eight crystallographically independent PABP±single-stranded nucleic acid. Finally, sequence compar-
poly(A) complexes make essentially identical protein±isons with the other two RRMs of PABP allow us to pro-
pose a model for RNA binding by the full-length protein. ligand interactions, burying portions of both the protein
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acceptor), while the purines have either a hydrogen bond
donor (amino group of guanine) or a hydrogen (adenine).
The purines can be further distinguished from one an-
other using substituents of C6, where adenine pos-
sesses an amino group (hydrogen bond donor) and gua-
nine has a carbonyl oxygen (hydrogen bond acceptor).
The protonation state of N1 also differs between adenine
(hydrogen bond acceptor) and guanine (hydrogen bond
donor for the keto form). Analysis of our structure sug-
gests that adenine recognition by the PABP relies on a
combination of stacking interactions, hydrogen bonds,
and van der Waals contacts. For the sake of clarity, the
discussion of base environments is grouped into the
following three sections: intramolecular base stacking,
aromatic/aliphatic±adenine sandwiching, and intermo-
lecular base stacking.
Intramolecular Adenine±Adenine Stacking
Ade-1 and Ade-2 have a mean interplanar spacing of
3.5 AÊ , and there do not appear to be any other contacts
stabilizing Ade-1 (Figure 5A). In contrast, Ade-2 makes
multiple interactions with RNP2 of RRM2. The aliphatic
portion of Lys-104 makes van der Waals contacts with
the 39 face of Ade-2 (closest approach 5 3.3 AÊ ). Asn-
105 accepts a hydrogen bond from N6 (Od1-N6 5 3.1 AÊ ),
and Tyr-140 makes a van der Waals contact with C2 of
Ade-2 (Cd1-C2 5 3.6 AÊ ). This base environment specifies
adenine at position 2. Extensive stacking interactions
(with Ade-1 above and Lys-104 below) favor the larger
purines, and hydrogen bond donation by N6 combined
with a van der Waals contact with C2 excludes guanine.
Ade-4 and Ade-5 make similar stacking interactions with
one another and the protein (Figure 5C). The plane of
Figure 4. Schematic Representation of RNA±Protein Interactions Phe-142 (from RNP1 of RRM2) is 3.3 AÊ above the 59 face
The b sheets of RRM1 and RRM2 and the domain linker are colored of Ade-4, which stacks on Ade-5 (interplanar distance 5
as in Figure 2. Functional classifications: narrow solid lines, van der 3.7 AÊ ). Below the 39 face of Ade-5, aliphatic portions of
Waals contacts; narrow broken lines, hydrogen bonds; thick solid Arg-94 (from the domain linker) and Met-85 (from RRM1)
lines, protein±base stacking interactions; thick broken lines, base±
generate a fourth stacking layer (closest approaches 5base stacking interactions. For clarity, close contacts with ribose
3.5 AÊ and 3.4 AÊ , respectively). At position 4, Asn-100groups have been omitted.
distinguishes purines from pyrimidines (Nd2-N7 5 3.0 AÊ )
and Ser-127 specifies adenine (O-N6 5 2.8 AÊ and Og-
and RNA surfaces (total solvent-accessible area buried 5 N1 5 2.7 AÊ ). At position 5, an appropriately protonated
2600 AÊ 2). histidine side chain (His-144) would specify adenine
RRM1/2 makes a significant number of contacts with (Nd1-N6 5 3.2 AÊ ). Site-directed mutagenesis has con-
the sugar-phosphate backbone (Figure 4). Four of the firmed that the residue forming the first of the four stack-
eight visible phosphate groups participate in electro- ing layers, Phe-142, is critical for high-affinity binding
static interactions with PABP RRM1/2, including Lys- of yeast PABP to polyadenylate RNA (Deardorff and
104→Ade-2 (NZ-O2P 5 3.4 AÊ ), Tyr-140→Ade-3 (OH-O1P5 Sachs, 1997).
3.4 AÊ ), Tyr-14→Ade-6 (OH-O2P 5 2.5 AÊ ), Tyr-54→Ade-8 Aromatic/Aliphatic±Adenine Sandwiching
(OH-O1P 5 2.8 AÊ ), Tyr-56→Ade-8 (OH-O1P 5 2.5 AÊ , Ade-3 and Ade-6 are found in similar protein environ-
OH-O2P 5 3.6 AÊ ), and Arg-89→Ade-8 (NH2-O2P 5 ments (Figures 5B and 5D). In both cases, the isolated
2.9 AÊ ). The protein also makes a significant number of base is sandwiched between aromatic and aliphatic side
contacts with seven of the eight ribose moieties, the chains, with interactions between the protein and the
sole exception being Ade-1. In four cases (Ade-2, Ade-3, base edge specifying adenine. Ade-3 is sandwiched be-
Ade-6, and Ade-7), the 29 hydroxyl groups interact with tween Phe-102 (interplanar distance 5 3.4 AÊ ) and Arg-
the protein, suggesting that human PABP RRM1/2 will 179 (closest approach 5 3.2 AÊ ) and specified by Lys-
not bind tightly to poly(A) DNA. 104 (Nz-N6 5 3.4 AÊ ). Ade-6 is sandwiched between Tyr-14
How does PABP distinguish adenine from the other (interplanar distance 5 3.4 AÊ ) and Arg-94 (closest ap-
RNA bases? Bicyclic purines, adenine and guanine, can proach 5 3.5 AÊ ) and doubly specified by Trp-86 (O-N6 5
be differentiated from monocyclic pyrimidines, cytosine 3.4 AÊ ) and Gln-88 (N-N1 5 2.8 AÊ ).
and uracil, on the basis of size. Purines also possess a Intermolecular Adenine±Adenine Stacking
common hydrogen bond acceptor on their five-mem- Ade-7 (Figure 5E) engages in base stacking with the
bered rings (N7). Additional differences between pyrimi- RNA of a protein±nucleic acid complex related by non-
dines and purines involve substituents of C2. Pyrimi- crystallographic symmetry (interplanar distance 5 3.9 AÊ ).
This pair of bases is sandwiched between two copiesdines possess a carbonyl oxygen (hydrogen bond
Cell
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Figure 5. Adenine Recognition by PABP
RIBBONS/stick figure representation of the interactions between PABP RRM1/2 and polyadenylate RNA. Green dashed lines indicate hydrogen
bonds between RNA and protein.
(A) Recognition of Ade-1 and Ade-2 by RRM2.
(B) Recognition of Ade-3 by RRM2 and part of the RRM2/3 linker.
(C) Recognition of Ade-4 and Ade-5 by RRM1, RRM2, and the RRM1/2 linker.
(D) Recognition of Ade-6 by RRM1 and the RRM1/2 linker.
(E) Recognition of Ade-7 by RRM1, and base stacking with the same base of a protein±RNA complex related by noncrystallographic symmetry
(Ade-79).
(F) Recognition of Ade-8 by RRM1. The adenine is sandwiched between the side chain of Tyr-56 and the adenine of a free RNA strand (AdeX).
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of Leu-52 (closest approach 5 3.9 AÊ ), creating another and nucleocytoplasmic mRNA transport (Afonina et al.,
four-layer stack. Met-46 (Ce-C2 5 3.2 AÊ ) and Asp-45 1998).
(Od1-N6 5 2.6 AÊ ) specify adenine. A similar stacking Given the conservation of RNA-binding residues
arrangement is seen for Ade-8 (Figure 5F), which inter- within the four RRMs of PABP and the conserved length
acts with a nucleotide derived from a free RNA strand variation for domain linkers (RRM1/2 5 9, RRM2/3 5
present in the center of the octameric assembly com- 14, and RRM3/4 5 26; Figure 1D), we can propose a
prising the asymmetric unit. The environment of Ade-8 model for binding of full-length PABP to mRNA. Initial
resembles that of Ade-4. On its 59 face, Ade-8 stacks recognition of the poly(A) tail would be achieved by
against the aromatic side chain of Tyr-56 (interplanar RRM1/2. Once the first two RRMs form the complex
distance 5 3.4 AÊ ). Adenine is recognized by Ser-12 (Og- illustrated in Figure 2, the high local concentration of
N6 5 3.0 AÊ ) and a side chain mimic of thymine (Asn-58 poly(A) RNA would favor binding of RRM3 and then
acts as a donor to N1 [Nd2-N1 5 2.8 AÊ ] and an acceptor RRM4. As suggested for the domain linker between
for N6 [Od1-N6 5 2.6 AÊ ]). This remarkable similarity in RRM1 and RRM2, we believe that the RRM2/3 and
the environments of Ade-4 and Ade-8 underscores the RRM3/4 domain linkers are disordered in the absence
importance of the conserved RNP motifs found in all of RNA. Sequential engagement of RRM3 and RRM4
RRMs. RNP1 provides the stacking aromatic side chain may be accompanied by organization of one or both of
(Tyr-56 and Phe-142), and RNP2 provides the hydrogen these domain linkers. It is also possible that protein±
bonding partner for adenine (Ser-12 and Asn-100). protein interactions involving the C terminus of PABP
contribute to RNA binding (Kuhn and Pieler, 1996).
Implications for Poly(A) Binding by Full-Length PABP
Figure 1 illustrates sequence alignments of RRM1 and Comparison with Other RRM±RNA
RRM2 of human, murine, Drosophila, Xenopus, and Cocrystal Structures
yeast PABPs. Not surprisingly, residues making side Previously published cocrystal structures of RRMs rec-
chain contacts with RNA display substantial conserva- ognizing RNA include single RRMs from two splicing
tion, particularly those involved in base stacking or ade- factors (U1A and U2B99) bound to similar stem±loop
nine-specifying interactions with N1, C2, N6, and N7. structures (Oubridge et al., 1994; Price et al., 1998) and
We conclude, therefore, that the mechanism of polyade- the two RRMs of Sex-lethal bound to single-stranded
nylate RNA recognition observed in our cocrystal struc- RNA (Handa et al., 1999). A structure of hnRNP A1 co-
ture is common to all eukaryotic PABPs. crystallized with single-stranded telomeric DNA has also
Figure 1 also depicts sequence alignments of human been determined (Ding et al., 1999). With our structure
RRM3 and RRM4. Both RRM1 and RRM2 are very similar of RRM1/2 recognizing the poly(A) tail, we have six
to RRM3 and RRM4 (amino acid identities: 1 versus 3 5 examples of RRM±RNA interactions to compare and
21%, 1 versus 4 5 29%, 2 versus 3 5 44%, and 2 versus contrast.
4 5 37%). If, however, we consider only residues making Figure 1C illustrates a structure-based sequence
side chain±RNA contacts, the four RRMs fall into two alignment of the six RRMs in question. Each of these
groups. RRM1 and RRM3 share homology at 11 of 13 RNA-binding modules employs its two conserved RNP
RNA-binding residues, and RRM2 and RRM4 share ho-
motifs (RNP1 5 S3, RNP2 5 S1) and S2-S3 loop region
mology at 8 of 9 RNA-binding residues. These data sug-
for RNA binding (and the domain linker in PABP and
gest that RRM1/2 and RRM3/4 make analogous con-
Sex-lethal). The amino acid side chains contributing totacts with poly(A) RNA. How can we reconcile this
RNA binding are not identical. Neither are the spatialprediction with the results of biochemical studies, show-
locations of these residues. Thus, the RRM is a highlying that RRM3/4 binds poly(A) RNA less tightly than
versatile scaffold, which can be adapted for sequence-RRM1/2 (Kuhn and Pieler, 1996)? We believe the differ-
specific recognition of many different nucleic acid struc-ence in binding affinity reflects the variation in domain
tures. Conformational flexibility of RNA may also playlinkers found within RRM1/2 and RRM3/4 (9 versus 26
a role in governing interactions with RRM-containingresidues, Figure 1D). The longer RRM3/4 linker may
proteins.make RNA binding less favorable from the entropic
Before discussing recognition of individual RNA basesstandpoint (Shamoo et al., 1995). Our explanation is
by RRM-containing proteins, it is useful to compareconsistent with the lower binding affinity of RRM2/3,
macroscopic features of extant structures. The structurewhich has a 14-residue domain linker (Kuhn and Pieler,
of RRM1/2 of Sex-lethal bound to the tra mRNA precur-1996).
sor differs significantly from our PABP cocrystal struc-The sequence alignment illustrated in Figure 1A in-
ture (Figures 2 and 6). The RRMs of Sex-lethal do notcludes a single RRM found in another poly(A)-binding
form a continuous RNA-binding surface. Instead, theprotein (PABII), which contributes to polyadenylation of
two domains form a sharply bent V-shaped cleft, effec-murine pre-mRNAs (Wahle et al., 1993). PABII binds
tively dividing the nucleic acid±binding surface. Differ-polyadenylate RNA with extremely high affinity, and
ences in the conformations of the bound RNAs mirrormany of the residues used by PABP RRM1 for poly(A)
these differences in relative domain orientation. In therecognition are homologous to those found in PABII. It
case of bipartite RNA recognition by Sex-lethal, the RNAis, therefore, likely that PABII exploits a similar mode of
adopts a V-shaped trajectory with a sharp bend. Thepoly(A) tail recognition during nuclear polyadenylation
marked differences between our PABP cocrystal struc-of pre-mRNAs. On a related note, human RRM1/2 can
ture and Nagai's work on U1A and U2B99 (Oubridge etbe transported to the nucleus (Afonina et al., 1998), and
al., 1994; Price et al., 1998) reflect the fact that the twothere is some evidence that PABP participates in pre-
mRNA polyadenylation (Minvielle-Sebastia et al., 1997) splicing factors employ a single RRM for high-affinity
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binding to a stem±loop RNA. Despite these differences,
most U1A (or U2B99) contacts with RNA involve the sin-
gle-stranded heptanucleotide loop and the b sheet sur-
face of the RRM.
Having described how all known RRMs utilize the
same b sheet surface for single-stranded RNA binding,
we turn our attention to the question of how this chemi-
cally variable surface can recognize different RNA se-
quences. We have already explained how a protein
could distinguish adenine from other RNA bases, and
we showed in some detail how PABP uses stacking
interactions plus hydrogen bonds and van der Waals
contacts to achieve this end. The U1A and U2B99 cocrys-
tal structures provide four additional examples of ade-
nine recognition, all of which conform to the patterns
seen with PABP RRM1/2. Although the following discus-
sion is restricted to RRM±RNA cocrystal structures,
similar principles of nucleotide recognition have been ob-
served for the interaction of hnRNP A1 with single-
stranded telomeric DNA (Ding et al., 1999).
Guanine recognition should be similar, except for con-
tacts with chemically unique features (i.e., hydrogen
bonds with acceptor O6 and donors N1 and N2). The
U1A, U2B99, and Sex-lethal structures provide four ex-
amples of guanine recognition. In all cases O6 is used
as a hydrogen bond acceptor, and three of four N2
groups act as hydrogen bond donors. Only one of four
guanines uses N1 as a hydrogen bond donor.
We expect pyrimidine recognition to operate using
analogous rules of chemical complementarity. Steric
considerations would favor pyrimidine in restrictive pro-
tein environments. The carbonyl oxygen O2 could also
distinguish pyrimidines from purines. Hydrogen bonding
can then be used to detect N4 of cytosine versus O4 of
uracil. Together, the U1A, U2B99, and Sex-lethal struc-
tures provide 13 examples of uracil recognition. Only 5
of 13 uracils engage in stacking interactions with the
protein or another base, underscoring the importance
of stacking interactions for recognition of purines. Seven
of 13 uracils use O2 to accept hydrogen bonds, provid-
ing discrimination from purine, and 8 of 13 uracils use
O4 as hydrogen bond acceptors, distinguishing them
from cytosine. At present our database includes only
three examples of cytosine being recognized by an
RRM. Only one of three cytosine O2 carbonyl oxygens
is used as a hydrogen bond acceptor, and all of the
N4 groups act as hydrogen bond donors, permitting
Figure 6. Surface Properties of PABP RRM1/2
complete discrimination of cytosine from uracil. Each
GRASP (Nicholls et al., 1991) representations of the chemical prop- one of the three cytosines engages in some form oferties of the solvent-accessible surface of PABP calculated using
stacking.a water probe radius of 1.4 AÊ . The surface electrostatic potential is
Our description of the PABP±poly(A) cocrystal struc-color coded red and blue, representing electrostatic potentials ,
220 to .120 kBT, where kB is the Boltzmann constant and T is ture and the review of protein±base interactions pro-
the temperature. The calculations were performed with an ionic vided above demonstrate the remarkable chemical ver-
strength of 0 and dielectric constants of 80 and 2 for solvent and satility of the RRM scaffold. This compact globular
protein, respectively (Gilson et al., 1988).
domain is capable of presenting an enormous repertoire(A) RNA-binding surface of PABP RRM1/2 with poly(A) in the RNA-
of RNA-binding surfaces to both single-stranded andbinding trough. The surface is color coded for electrostatic potential.
This view is identical to that shown in Figure 2A. stem±loop RNAs. Moreover, the modular organization of
(B) Dorsal surface of PABP RRM1/2, color coded for electrostatic RRMs in proteins such as PABP and Sex-lethal permits
potential. This view is identical to those shown in Figures 2D and 6C. recognition of relatively long RNA sequences. Such in-
(C) Dorsal surface of PABP RRM1/2, color coded for conservation.
teractions could support gene-specific regulation ofGreen denotes the surface overlying phylogenetically conserved
RNA processing, translation initiation, and subcellularresidues, encompassing a hydrophobic/acidic portion that may be
responsible for interactions with eIF4G and PAIP-1. localization of mRNA.
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stabilizing solution containing 20 mM SmAc3 or K2IrCl6, giving a finalImplications for Translation Initiation
heavy metal concentration of 10 mM.The cocrystal structure of PABP RRM1/2 also provides
a basis for analyzing contacts between PABP and eIF4G
RNA Binding Analysis(or PAIP-1) during translation initiation. Figures 2D, 6B,
RNA binding by PABP RRM1/2 was assessed by electrophoreticand 6C illustrate the convex dorsal surface of PABP
gel mobility shift assays. A25 RNA (20 pmol) was 59 end labeled withRRM1/2, formed by a helices H1, H2, H19, and H29. 50 mCi of [g32P] ATP and 10 U of polynucleotide kinase in 40 ml for
The green color-coded portion of the molecular surface 1 hr at 378C. RNA binding reactions contained 0.5 pmol of RNA,
varying amounts of PABP RRM1/2, and, in some cases, unlabeleddepicted in Figure 6C overlies hydrophobic (Phe-74,
competitor RNAs [A9, A10, A11, A12, and poly(C)] and diluted into 100Phe-122, Met-158, Met-161, and Leu-162) and acidic
mM KCl, 50 mM HEPES (pH 7.4), 10% glycerol, 2 mM EDTA. Binding(Asp-70, Asp-111, and Asp-117) residues that are phylo-
reactions (22 ml) were incubated with 1 mM DTT for 20 min at 208C,genetically conserved among all known PABPs (Figure
and native gel electrophoresis was used to separate bound and free
1). This conserved surface feature may be important for RNA species.
interactions with eIF4G and with PAIP-1. Arg→Ala and
Lys→Ala mutations in human eIF4GI (Imataka et al., Data Collection, Structure Determination, and Refinement
1998) and both yeast eIF4Gs (Tarun et al., 1997) destabi- Native and heavy atom derivative diffraction data were collected
using various synchrotron beamlines under standard cryogenic con-lize interactions with PABP and reduce the efficiency of
ditions. Data were processed using DENZO and SCALEPACK (Otwi-translation initiation from yeast extracts. Deletion of a
nowski and Minor, 1997). Structure determination was carried outC-terminal basic segment in PAIP-1 has a similar effect
with a 90% complete, four-fold redundant native data set, with anon binding to RRM1/2 (R. C. D. et al., unpublished re-
overall Rsym(I) 5 4.1% between 20±2.7 AÊ resolution. Heavy atomsults). Preincubation of PABP with eIF4G precludes derivative data were obtained at lower resolution (12 sites K2IrCl6:
binding of PAIP-1 (A. Kahwajian and N. S., unpublished Rsym(I) 5 4.7% between 20 and 3.2 AÊ ; 1 site SmAc3: Rsym(I) 5 4.5%
between 20 and 4.0 AÊ ). Experimental phases were estimated at 3.4 AÊresults), suggesting that the conserved hydrophobic/
resolution using SHARP (de La Fortelle and Bricogne, 1997), givingacidic feature on the concave dorsal surface of PABP
overall figures of merit of 0.39 and 0.30 for acentric and centricRRM1/2 encompasses overlapping binding sites for
reflections, respectively. The |Fobs|/a(SHARP) electron density mapeIF4G and PAIP-1. The acidic cleft between RRM1 and
was improved with density modification/histogram matching, and
RRM2 (overlying conserved Asp-70, Asp-111, and Asp- the resulting phases (15±5 AÊ resolution) were used for the brute force
117) represents a good candidate for productive binding rotation/phased translation search with X-PLOR (BruÈ nger, 1992b). A
polyalanine RRM search model was generated using MODELLER 3to the essential basic residues of eIF4G and PAIP-1.
(Sali and Blundell, 1993) from an alignment of human PABP RRM1
with RRM1 from hnRNP A1 (PDB code 1ha1). The initial rotation/Conclusion
phased translation search yielded eight high-quality solutions ar-
In conclusion, the three-dimensional structure of this ranged as two stacked tetramers, which proved to be all eight copies
unusual protein±nucleic acid complex explains how two of RRM1 (depicted in red, Figure 3B). After the electron density
RRMs can create a continuous RNA recognition surface features corresponding to these RRMs were removed and the
phases and structure factors recalculated, a second rotation/that mediates specific, high-affinity binding to polyade-
phased translation search yielded all eight copies of RRM2. Analysisnylate RNA. Using sequence comparisons with the re-
of these additional eight solutions revealed that they were alsomaining two RRMs of PABP, we have proposed a model
represented in the results of the first rotation/phased translation
for the interaction of the full-length protein with the search, albeit with lower quality statistics than those obtained for
poly(A) tail. Our work also provides a starting point for the eight copies of RRM1. All 16 solutions were then used to define
further crystallographic, biochemical, and genetic stud- the symmetry operators for eight-fold noncrystallographic averag-
ing, which yielded a significant improvement in the quality of theies of PABP and its role in translation initiation, polyade-
experimental electron density map revealing RNA, the interdomainnylation, and mRNA stabilization/degradation. In partic-
linker region, and regions of the protein that were absent from theular, these results should aid directed, systematic
initial polyalanine RRM search model.
analyses of the mechanisms by which PABP recognizes Structure refinement was carried out with a 99% complete, four-
eIF4G and PAIP-1 to achieve mRNA circularization. fold redundant data set, with an overall Rsym(I) 5 5.3% between
20±2.6 AÊ resolution. Several rounds of iterative model building and
refinement were performed using the programs O (Jones et al., 1991)Experimental Procedures
and CNS (BruÈ nger et al., 1998). The final PABP RRM1/2±RNA model
consists of 53 water molecules and 8 protein±nucleic acid com-Protein and RNA Preparation and Crystallization
RRM1/2 of the human poly(A)-binding protein [PABP(1±190)] was plexes: complex A, PABP residues 11±179 plus nucleotides Ade-1
to Ade-8; complex B, PABP 11±132, 137±159, 170±175 plus Ade-3expressed in E. coli as a GST-fusion protein and purified by glutathi-
one- and blue-Sepharose chromatography. The measured molecu- to Ade-8; complex C, PABP 11±179 plus Ade-3 to Ade-8; complex
D, PABP 11±132, 137±175 plus Ade-3 to Ade-8; complex E, PABPlar mass for PABP(1±190) was 21,841 6 5 (predicted 5 21,845),
confirming that the protein was neither truncated nor posttransla- 11±179 plus Ade-2 to Ade-8; complex F, PABP 11±101, 112±132,
137±149, 168±173 plus Ade-3 to Ade-8; complex G, PABP 11±175tionally modified during expression or purification. Oligo A25, A12,
A11, A10, and A9 RNA were purchased from Dharmacon Research and plus Ade-3 to Ade-8; complex H, PABP 11±103, 113±132, 137±152,
173±175 plus Ade-3 to Ade-8. We do not understand the apparentpurified by anion-exchange chromatography followed by desalting.
PABP(1±190)±A11 cocrystals were obtained by hanging drop vapor discrepancy between our electrophoretic mobility shift data and the
fact that we were unable to visualize the full complement of 11diffusion against 2.1 M ammonium sulfate, 100 mM Tris-HCl (pH
8.0) at 248C, using a protein concentration of 5.5 mg/ml and a 1:1.2 nucleotides in any of the protein±RNA complexes making up the
asymmetric unit. It may be that the 59 and 39 ends of the RNA adoptprotein:RNA ratio. The monoclinic crystals grow in space group P21
(a 5 79.6 AÊ , b 5 176.8 AÊ , c 5 82.5 AÊ , b 5 117.78) with eight protein± a variety of conformations in our cocrystals, making them difficult
to detect. The final refinement model has an R factor of 23.0% andligand complexes/asymmetric unit and diffract to at least 2.6 AÊ
resolution. For the purpose of screening for heavy atom derivatives, a free R factor of 30.4%, with rmsds on bond lengths and angles
of 0.008 AÊ and 1.588, respectively. The mean thermal factors arecrystals were transferred to a stabilizing solution of 1.6 M Li2SO4,
100 mM Tris-HCl (pH 8.0). Useful heavy atom derivatives were ob- 48 AÊ 2 for RRM1, 64 AÊ 2 for RRM2, 48 AÊ 2 for the RNA, and 44 AÊ 2 for
solvent molecules, with a rmsd of 2.8 AÊ 2 between the B factorstained by merging crystal containing drops with equal volumes of
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of covalently bonded atoms. PROCHECK (Laskowski et al., 1993) heavy atom parameter refinement for multiple isomorphous replace-
ment and multiwavelength anomalous diffraction methods. Methodsrevealed 14 (,1.3%) unfavorable (w, c) combinations in the PABP±
RNA complex, with main chain and side chain structural parameters Enzymol. 276, 472±494.
consistently above average (overall G value 5 0.1). At this resolution Deardorff, J.A., and Sachs, A.B. (1997). Differential effects of aro-
limit, the puckers of the ribose rings are not well defined. Retrospec- matic and charged residue substitutions in the RNA binding domains
tive analyses of our phasing procedure revealed the following aver- of the yeast poly(A)-binding protein. J. Mol. Biol. 269, 67±81.
age phase errors for observed reflections between 20 and 5 AÊ resolu- Ding, J., Hayashi, M.K., Zhang, Y., Manche, L., Krainer, A.R., and
tion: ,|a(final model) 2 a(SHARP)|. 5 648, ,|a(final model) 2 a(16 Xu, R.M. (1999). Crystal structure of the two-RRM domains of hnRNP
polyalanine RRM model)|. 5 688, ,|a(final model) 2 a(SHARP with A1 (UP1) complexed with single-stranded telomeric DNA. Genes
NCS averaging)|. 5 538. Dev. 13, 1102±1115.
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